Abstract: Several common polymers are characterized in the ultra-broadband Terahertz frequency window 2-15 THz using a THz time-domain spectrometer solely based on air-photonics. The spectral features relevant for materials science and THz photonics are revealed.
Introduction
THz time-domain spectroscopy (TDS) is a phase-sensitive method to measure the complex-valued dielectric function of materials in the THz range [1] . Recent advances in THz air-photonics have extended the accessible frequency window up to 30 THz and beyond [2] . As THz air-photonics includes increasingly higher frequencies, the technologically relevant materials for ultra-broadband THz components must be identified and characterized. Polymers have proven to be a very useful platform for THz technology: e.g., polymer-based THz mirrors, waveguides etc., have been implemented successfully [3] [4] . Moreover, polymers are extremely interesting systems from the materials science point of view, in particular because of their low-energy vibrational modes which fall into the THz range [5] [6] . Up to now, the spectral range of THz spectroscopy on polymers has not exceeded 10 THz [5] [6]. Here we demonstrate the application of THz air-photonics for ultra-broadband TDS in the range 2-15 THz, revealing both technologically and fundamentally interesting properties of several common polymers.
Experiment and results
Our ultra-broadband THz spectrometer is based on dual-color THz emission from air plasma and air-biased coherent detection (ABCD) [2] . As a crystal-free method, THz air-photonics allows to avoid limitations due to limited THzoptical phase matching. As a result, extremely short (sub-50 fs) and broadband (up to 30 THz) THz signals can be used for spectroscopy (Fig. 1) .
Using THz air-photonics, we performed THz-TDS on the following common polymers: low density polyethylene (LDPE), polyamide-6 (PA6, nylon 6), cyclic olefin/ethylene copolymer (TOPAS ® ), and polytetrafluoroethylene (Teflon ® ). The measurements were done in transmission geometry, at room temperature, and in dry nitrogen environment. Our samples were thin films in the range 30-500 Pm. The data analysis was performed using standard TDS equations, taking into account multiple reflections. Selected spectroscopy results are shown in Fig. 2 . The dynamic range of the sample measurements limited our spectroscopy window to 15 THz [7] , and in some instances also excluded narrow frequency bands at intermediate frequencies (see e.g. Fig. 2(a) ). Both LDPE and TOPAS ® exhibited a negligible-loss and non-dispersive behavior across the entire frequency range 2-15 THz (data not shown). This can be attributed to a weak crystalline structure and to the absence of polar bonds in the polymer chain [5] . The measured average refractive indexes of LDPE and TOPAS ® are very similar: respectively 1.524 ± 0.002 and 1.523 ± 0.002. These compounds, non-dispersive and with negligible loss in the whole range 2-15 THz are particularly appealing for ultra-broadband THz photonic applications [3] [4] . In contrast to the above materials, the spectra of PA6 and Teflon ® are rather feature-rich (Fig. 2 ). PA6 spectra (Fig. 2a) has strong absorption peaks, centered at 3.3, 8.9 and 13.4 THz and complemented by the corresponding index features, which can be are respectively assigned to the translation of amide groups in the direction of interchain hydrogen bonds and to skeletal oscillations (torsional and bending modes of the backbone chain) [8] [9] . The spectra of Teflon ® (Fig. 2b) show two strong resonant modes centered at 6.1 and 15.6 THz, attributed to, respectively, the twisting and wagging vibrations of CF 2 [10] . Despite the presence of polar bonds, the helical conformation of the CF 2 chain leads to a zero overall dipole moment which results in a normal or low dispersive behavior, unlike PA6 [5] . The THz dielectric function of Teflon ® in the range 2-15 THz can be very well described by a two-term Lorentzian: ,
where is the background dielectric function, and are respectively the oscillator strength and the damping constant of each resonant mode centered at frequency . The model parameters are shown in the following 
Conclusions
We have performed ultra-broadband THz-TDS on several common polymers using a spectrometer solely based on THz air-photonics. Our measurements in the 2-15 THz range reveal a virtually non-absorbing and non-dispersive response of LDPE and TOPAS ® , emphasizing the potential of these materials as well as components made thereof for ultra-broadband THz photonics. The spectra of PA6 and Teflon ® , on the other hand, demonstrate a multiresonance structure, revealing rich polar vibrational activity of these macromolecular compounds. 
